The purpose of this study was to investigate clinical outcomes following stereotactic body radiotherapy (SBRT) for lung metastases as oligo-recurrence. From May 2003 to June 2014, records for 66 patients with 76 oligo-recurrences in the lungs treated with SBRT were retrospectively reviewed. Oligo-recurrence primary sites and patient numbers were as follows: lungs, 31; colorectal, 13; head and neck, 10; esophagus, 3; uterus, 3; and others, 6. The median SBRT dose was 50 Gy (range, 45-60 Gy) administered in a median of 5 (range, 5-9) fractions. All patients received SBRT, with no acute toxicity. Surviving patients had a median follow-up time of 36.5 months. The 3-year rates of local control, overall survival and disease-free survival were 90.6%, 76.0% and 53.7%, respectively. Longer disease-free interval from initial treatment to SBRT, and non-colorectal cancer were both associated with favorable outcomes. Disease progression after SBRT occurred in 31 patients, most with distant metastases (n = 24) [among whom, 87.5% (n = 21) had new lung metastases]. Among these 21 patients, 12 were judged as having a second oligo-recurrence. Additional SBRT was performed for these 12 patients, and all 12 tumors were controlled without disease progression. Three patients (4.5%) developed Grade 2 radiation pneumonitis. No other late adverse events of Grade ≥2 were identified. Thus, SBRT for oligo-recurrence achieved acceptable tumor control, with additional SBRT also effective for selected patients with a second oligo-recurrence after primary SBRT.
INTRODUCTION
Distant cancer metastases help define advanced stage disease and may form as a result of hematogenous metastases of cancer; it often indicates a poor patient prognosis and a limited mean life expectancy. Although systemic chemotherapy and/or molecular targeted therapy have been administered to patients with distant metastases, most patients treated with such systemic therapies are considered to have an incurable disease.
In contrast, some patients have distant metastases in only a few regions. In 1995, Hellman and Weichselbaum proposed an intermediate state of metastasis termed 'oligometastasis', in which the number and sites of metastatic tumors are limited [1] . The lungs are among the common sites of metastasis following radical treatment of a primary cancer. Although surgical removal is considered to be a radical treatment for patients with lung oligometastases, many patients are considered to be medically inoperable. Stereotactic body radiotherapy (SBRT) is considered to be an alternative treatment for lung oligometastases and has been widely used to treat patients with lung oligometastases worldwide [2] .
Recently, Niibe et al. addressed the states of oligo-recurrence, in which the patient shows one to several distant metastases/recurrences in one to several organs, and disease control at the primary cancer site [3, 4] . Long-term survival can be expected for patients with lung oligo-recurrence. However, the rules for radiotherapy and the prognostic factors for lung oligo-recurrence have not yet been fully elucidated. In this study, we retrospectively reviewed SBRT outcomes for patients with oligo-recurrence in the lungs and evaluated survival, patterns of failure, and treatment-associated toxicities.
MATERIALS AND METHODS

Eligibility criteria
The eligibility criteria for this study of SBRT for oligo-recurrence in the lungs were as follows: (i) one to three lung metastases, (ii) locally controlled primary cancer, (iii) tumor diameter ≤5 cm, and (iv) no other distant metastases/recurrences.
Patient and tumor characteristics
From May 2003 to June 2014, 241 patients, including those with primary lung cancer and lung oligo-recurrence, underwent SBRT at our institution. A total of 66 patients [44 men and 22 women; median age, 71 (range, 27-87) years] with 76 lung oligo-recurrences fulfilling the study eligibility criteria and treated with SBRT were retrospectively reviewed. The primary sites for oligo-recurrence in a number of patients with metastatic lesions at that site were as follows: lungs, 31; colorectal, 13; head and neck, 10; esophagus, 3; uterus, 3; and others, 6. Histological or cytological confirmation of oligo-recurrence in the lungs was required by biopsy or cytological confirmation for the 31 patients with 33 tumors. The results showed 24 adenocarcinomas and 9 squamous cell carcinomas. Although 35 patients with 43 tumors were not confirmed histologically by bronchoscopy and/or CTguided biopsy, these were diagnosed as oligo-recurrence clinically because of increasing tumor size, increasing tumor markers, and positive accumulation of tracer on 18 F-fluorodeoxyglucose ( 18 F-FDG) positron emission tomography. All primary cancers were controlled by initial treatment; the initial treatments for the primary cancers comprised surgery for 52 patients and definitive radiotherapy for 14 patients. A median disease-free interval (DFI) from initial treatment to SBRT for oligo-recurrence was 31 (range, 3-161) months. No systemic chemotherapy was administered before or during SBRT in any patient. Patients and tumor characteristics are summarized in Table 1 .
This study was approved by the institutional review board of our institution and written informed consent was obtained from all patients.
Treatment procedure
The details of the SBRT procedure performed at our institution have been described previously [5] . The SBRT plan was created with a three-dimensional (3D) radiotherapy treatment-planning (RTP) system (XiO, ELEKTA, Stockholm, Sweden). If the respiratory movement of the tumor was <10 mm, as confirmed by fluoroscopy, a treatment-planning CT scan was obtained without breath holding, using a CT-simulator combined with an X-ray simulator system (Aquilion, Toshiba Medical Systems Co. Ltd, Tokyo, Japan) until August 2008. Thereafter, the Discovery ST Elite (GE Healthcare, USA) 4D CT system was used with a real-time position management system (RPM gating system, Varian Medical Systems, USA) and at a 2.0-mm thickness. If the respiratory movement of the tumor was ≥10 mm, a CT scan was performed with breath holding, using a respiratory-monitoring apparatus (Abches, APEX Medical Inc., Tokyo, Japan).
The target margins were defined as follows: the clinical target volume (CTV) was equal to the gross tumor volume (GTV) delineated on CT images displayed with a window level of −300 Hounsfield units (HU) and a window width of 1700 HU; the internal target volume was equal to the CTV plus a 0-10-mm margin based on the tumor respiratory movement, as confirmed with the X-ray simulator or 4D CT; the planning target volume (PTV) was the CTV plus a 5-mm margin in all directions, according to the set-up accuracy. A 5-mm leaf margin was also taken around the PTV.
Irradiation was performed with 10-MV X-ray beams from a linear accelerator (EXL-20TP, Mitsubishi Electric Co. Ltd, Tokyo, Japan) until 2011 and thereafter 6-MV X-ray beams from a linear accelerator (Clinac iX, Varian Medical Systems, USA) in three non-coplanar and three coplanar static ports.
Calculation of the treatment dose was performed using the Clarkson method until October 2009, and thereafter using the Superposition method with 3D-RTP corrected for inhomogeneity. The median isocentric dose was 50 (range, 45-60) Gy administered in a median of 5 (range, 5-9) fractions. The median overall treatment time was 8 (range, 5-22) days, and the median biologically effective dose, assuming an α/β ratio of 10 Gy (BED 10 ), was 100 (range, 85.5-120) Gy.
Follow-up and statistics
The study endpoints were overall survival (OS), disease-free survival (DFS), local control (LC) and toxicity. Follow-up CT scans were obtained at 3-6-month intervals and were used to assess tumor control and toxicity. The patients were also periodically monitored by medical examinations performed during and after treatment. LC was defined as a lack of any significant tumor regrowth on follow-up CT. DFS was defined as a lack of survival and a lack of any recurrence at any sites. The pattern of failure was classified as the second oligorecurrence or multiple metastases, according to Niibe's criteria for oligo-recurrence [6] . Toxicities were assessed according to the Common Terminology Criteria for Adverse Events, Version 4.0. Survival estimates were calculated from the first date of SBRT using the Kaplan-Meier method, and statistical differences were determined using the log-rank test. Age (<75 vs ≥75 years), sex (male vs female), performance status (0 vs 1-2), number of targets (1 vs 2), primary lesion (colorectal vs others), histologic type of primary lesion (adenocarcinoma vs squamous cell carcinoma), DFI (≤30 vs >30 months), tumor size (≤3 vs >3 cm), BED 10 (<100 vs ≥100 Gy) and histologic type of oligo-recurrence (adenocarcinoma vs squamous cell carcinoma vs not available) were all entered into the log-rank test. Statistical significance was defined at P < 0.05. All analyses were performed using the IBM SPSS statistics version 22.0 software package (SPSS Inc., Chicago, IL, USA).
RESULTS
Survival and LC
The median follow-up time was 31.7 months for all patients, and 36.5 months for the surviving patients. In total, 12 patients (18.2%) died during the follow-up period of 4.3-130 months. The remaining 54 patients were alive, and 28 patients (42.4%) were still alive after >3 years. The causes of death for the 12 patients who died during followup were as follows: disease progression, 10; chronic renal failure, 1; and cardiovascular accident (not related to SBRT), 1. The 3-year rates of OS, DFS and LC were 76.0%, 53.7% and 90.6%, respectively (Fig. 1) .
Pattern of failure
Although regrowth of the SBRT target lesion was observed in four patients, no patients experienced local recurrence at the primary lesion site. Distant metastases and/or regional lymph node metastases were observed in 27 patients ( Table 2) .
The sites of and numbers of patients with distant metastases after SBRT were as follows: lungs only, 17; lungs with other sites (bone or brain), 4; and other sites including bone, brain and liver, 3. Accordingly, the most frequent site of distant metastases was the lungs (87.5%). Among the 27 patients with distant metastases and/or lymph node metastases, 16 (59.2%) were judged as having a second oligo-recurrence. Among the 16 patients, 12 who developed new lung metastases were treated with salvage SBRT at 50 Gy in 5 fractions, and all 12 tumors were controlled without disease progression. Salvage surgery was also attempted for two patients (both with colorectal cancer) following regrowth of the SBRT target lesion at 24 and 30 months after SBRT. These patients were still alive without any complications after surgery. Conversely, 11 patients who had multiple metastases were treated with palliative radiotherapy or chemotherapy or best supportive care. Six of these patients had died from disease progression at the last follow-up.
Toxicity
No patients experienced acute toxicity from treatment. Grade 2 radiation pneumonitis was identified in three patients (4.5%). No other late adverse events of ≥Grade 2 were reported.
Prognostic factors
We also analyzed differences in patient survival stratified by age, sex, performance status (PS), number of targets, primary cancer, histologic type of primary lesion, DFI, tumor size, and BED for OS, DFS and LC.
DFI was a significant prognostic factor for OS (Table 3) . Patients with DFI ≤30 months had a worse prognosis compared with those with DFI >30 months ( Fig. 2A) . However, DFI did not show significant differences for DFS (Table 3) or LC (Table 4) . Oligo-recurrence from colorectal cancer had worse outcomes for LC (Fig. 2B) and DFS ( Fig. 2C ) compared with those of other primary cancer sites. Other factors such as age, sex, PS, number of targets, histologic type of primary lesion, tumor size, and BED 10 were not significant factors.
DISCUSSION
In this patient population, the 3-year rates of LC, OS and DFS were 90.6%, 76.0% and 53.7%, respectively. No severe late adverse events of ≥Grade 3 were identified. Patients with a DFI > 30 months had significantly greater OS compared with those with a DFI ≤30 months. Patients with oligo-recurrence from colorectal cancer had significantly worse LC and DFS outcomes compared with those with other primary cancer sites. Although distant metastases and/or regional recurrence after SBRT were observed in 41% of patients, 59% of patients were judged as having a second oligo-recurrence, and salvage SBRT as a local treatment was successful for patients with second oligo-recurrence in the lungs.
Survival outcome
There are several studies reporting favorable outcomes following SBRT treatment of oligo-recurrence in the lungs. Inoue et al. [7] reported the results of SBRT performed on 22 patients with lung oligo-recurrence. With a median follow-up period of 25 months, the 3-year rates of LC and OS were 100% and 72%, respectively. In a study of SBRT treatment of 42 patients with lung oligo-recurrence, Takahashi et al. [8] reported that with a median follow-up of 20 months, the 2-year rates of LC and OS were 87% and 65%, respectively. In contrast, the survival of Stage IV non-small-cell lung cancer (NSCLC) is highly limited. In a recent review, the survival outcomes for Stage IV NSCLC treated with thoracic 3D radiotherapy combined with chemotherapy, Su et al. [9] reported that the 3-year OS was only 12.9%; however, radiation doses of >63 Gy and metastasis to a single site was associated with better OS. These findings suggest that LC of the primary cancer plays an important role in prolonging the survival of patients with Stage IV lung cancer. In our study, over a median follow-up period of 36 months, all primary cancers were controlled, and the 3-year rates of LC and OS were comparable with the series of oligo-recurrence; however, their OS was better than survival with Stage IV lung cancer.
Importance of primary cancer status
The status of the primary cancer also plays an important role in prolonging the survival of patients with oligometastases and oligorecurrence. As was first noted by Niibe et al. [6] , oligometastases with primary lesions controlled is called 'oligo-recurrence', and patients with oligo-recurrence can be treated using local therapy to improve patient survival. The importance of the primary lesion status has been previously reported for other sites of oligometastases and oligo-recurrence. Jingu et al. [10] investigated the long-term benefits of chemoradiotherapy for solitary lymph node metastasis after curative resection of esophageal cancer in 35 patients. Based on the that study, ∼40% of patients with solitary lymph node metastasis after curative resection for esophageal cancer have a chance of long-term survival of >5 years after definitive chemoradiotherapy. In our study, >40% patients with oligo-recurrence in the lungs with a controlled primary cancer had a chance of long-term survival of >3 years. Furthermore, for the patients with a DFI >30 months, the 3-year rate of OS reached 85% in our patient population.
DFI
Several reports suggest prolonged survival with a longer DFI. However, the value of DFI has not been standardized and varies between 24 and 36 months among studies. Norihisa et al. [11] reported clinical results for 34 patients (the majority with lung cancer) with oligometastatic lung tumors after SBRT and suggested that patients with a DFI >36 months had significantly greater OS. Similar findings were reported for patients (the majority with lung cancer) with oligorecurrence in the lungs after SBRT (a DFI of >36 months [7] and, in another study, a DFI of >31.9 months [8] ). On the other hand, Kanzaki et al. [12] studied patients with pulmonary metastasectomy from renal cell carcinoma and demonstrated that a DFI ≥24 months was associated with a 5-year survival of 58%, but that the survival of patients with a DFI <24 months decreased to 26%. Because the type of primary tumor generally differs in each study, the predictive value of DFI has not been standardized.
Oligo-recurrence from colorectal cancer
The type of primary cancer is also an important issue. Oligo-recurrence in the lungs following primary colorectal cancer has generally been considered a worse prognostic factor for LC and DFS than other primary cancers. Hamamoto et al. [13] evaluated factors affecting the LC of SBRT with a total dose of 48 Gy in four fractions for lung tumors, including primary lung cancer (n = 128 patients) and metastatic lung tumors (colorectum, n = 14; other sites, n = 17) and observed that the 2-year rates of LC for primary lung cancer and metastatic lung tumors were 87% and 50%, respectively (P = 0.0027). Takeda et al. [14] reported the outcomes for patients with oligometastatic lung tumors from colorectal cancer (n = 21 tumors) and other primary cancers (n = 23) treated with SBRT of 50 Gy in five fractions.
The 2-year rates of LC for colorectal oligometastases and all other origins were 72% and 94%, respectively (P < 0.05). Moreover, a difference in LC between oligometastatic lung tumors from colorectal cancer and other primary cancers after particle beam radiotherapy was reported by Sulaiman et al. [15] . The basis for reduced LC rates for oligometastases/oligo-recurrence from colorectal cancer than for SBRT for pulmonary oligo-recurrence • 59 other primary cancers is unclear. Therefore, further investigation of the differences in LC between colorectal cancers and other primary cancers is required. Currently, we have initiated a prospective study with respect to LC after SBRT using dual-energy spectral CT imaging [16] , and we will report the results in the future.
Pattern of failure
Although oligo-recurrence in the lungs is controlled after SBRT, distant metastases are likely to occur. In our study, the most frequent sites of recurrence after SBRT were distant metastases, particularly lung metastases, because the lungs are the primary venous drainage organ for the entire body, except for the gastrointestinal tract. Similar findings have been reported in patients with primary lung cancer treated by SBRT. Bradley et al. [17] reviewed the records for a total of 91 patients with early-stage NSCLC and observed that the predominant pattern of failure was the development of distant metastasis or second lung cancer. Moreover, Yamamoto et al. [18] investigated the clinical results for oligo-recurrence in the lungs by carbon ion radiotherapy and reported that new lesions appeared at other sites, including the lungs, bone and brain, in 60% of patients. Therefore, careful follow-up is necessary for patients with lung oligo-recurrence who are administered local treatment.
On the other hand, Milano et al. [19] reported outcomes for patients with oligometastases who underwent two or more curativeintent stereotactic radiotherapy courses and concluded that patients treated with RT for oligometastatic disease can be offered additional courses of radiotherapy to address the interval development of limited metastases and/or locally recurrent disease. Onishi et al. [20] also emphasized the importance of local aggressive radiotherapy for patients with repeated oligo-recurrence in multiple organs. In our study, ∼60% of the patients developed recurrence at a site outside the radiation field and were judged as having a second oligo-recurrence. Salvage SBRT was successful in treating patients with a second oligorecurrence in the lungs.
Limitations
This study has several limitations. First, it was a retrospective review with a limited number of patients and limited follow-up. Second, it was difficult to distinguish between oligo-recurrence and a second primary lung cancer, because oligo-recurrence in the lungs of a patient with primary NSCLC might represent second primary lung cancers. Third, we treated oligo-recurrence in the lungs from various primary cancers using different therapies. Finally, patients were treated using various fractionation schedules and treatment modalities. However, SBRT can achieve excellent LC with minimal toxicities, regardless of the fractionation schedule for patients with oligorecurrence in the lungs. Moreover, long-term survival for >3 years can be expected in 42.4% of the patients in our study.
CONCLUSIONS
SBRT for oligo-recurrence in the lungs achieved acceptable tumor control with minimal toxicities. A longer DFI from initial treatment to SBRT and having a non-colorectal primary cancer were both related to more favorable outcomes. Although second lung metastases occurred after SBRT, additional rounds of SBRT are successful for patients with a second oligo-recurrence in the lungs. Additional follow-up and a larger patient population are required to confirm these favorable outcomes. 
